Increasing fertility in dairy cattle is an important goal. Male infertility represents a part of the overall infertility in dairy cattle and can be partitioned into compensatory and noncompensatory components, where compensatory refers to infertility that can be overcome by increasing sperm number and noncompensatory infertility represents the remainder, presumably due to molecular and genomic defects. Through estimation of single nucleotide polymorphism (SNP) association with noncompensatory bull fertility, it is possible to identify regions of the genome influential to this trait. Use of this information in selection can allow for an increase in cattle fertility, resulting in economic benefits. In this study, high-density SNP genotypes and noncompensatory fertility data from 795 Holstein sires were used to examine SNP associations with fertility. A Bayes B analysis was performed to develop information for genomic selection and to identify genomic regions associated with noncompensatory fertility. A crossvalidation approach was used to assess the effectiveness of the models within the original set of 795 bulls. Correlations of predicted and observed fertility values were approximately 0.145 in cross-validation.
IntrODuCtIOn
The last 50 yr has seen extensive use of AI and genetic evaluation technology in the dairy industry that has contributed to genetic improvement with regard to milk yield and other traits (Hansen, 2000) . At the same time, nutrition and management of dairy cattle for milk yield has improved. However, these changes have been associated with negative effects on fertility, as documented by several researchers (Macmillan et al., 1996; Butler, 2000; Royal et al., 2000; Roche et al., 2000; Lucy, 2001; DeJarnette et al., 2004) . Although this phenomenon is attributable to the genetics and management of the dairy female, improvement in overall reproductive efficiency could be gained by improving male fertility as well.
Previous studies have documented contributions of service sire to reproductive performance in dairy cattle. Weller and Ron (1992) studied conception rate in Israeli Holstein field data and reported variance component estimates for service sire that were from one-third to twothirds of the magnitude of sire of dam variance. Averill et al. (2004) examined conception rate using Holstein field data from California and observed variance component estimates for service sire that were approximately onequarter of the additive genetic variance. Jamrozik et al. (2005) , in a study using Canadian Holstein field data, concluded that service sire was a significant source of variation relative to additive genetic variation, given a service sire variance that was approximately 3.5 to 5% of that observed for maternal genetic variance. To the extent that service sire variation in conception rate is genetic, the opportunity exists to contribute to improved dairy cattle fertility by improving male fertility. In the context of AI, the specific aspect of fertility being considered is noncompensatory or uncompensable fertility, meaning variation in the ability of a unit of semen to lead to conception after eliminating variation that can be compensated for by an increase in sperm number. The current study was undertaken to identify genomic regions and genetic markers associated with noncompensatory fertility through a whole-genome association analysis. Thus, this study focuses on fertility as affected by molecular and genomic defects impairing the function of sperm and the ability to produce viable offspring that cannot be overcome by increasing sperm count (Saacke et al., 2000; Braundmeier and Miller, 2001; Peddinti et al., 2008) . Additionally, the potential for genomic selection for noncompensatory fertility was examined.
materIaLS anD metHODS
Phenotypic data were provided by Alta Genetics Inc. (Watertown, WI). Animals from which phenotypic data were obtained were from the Alta Genetics (Alta a whole-genome association analysis of noncompensatory fertility in Holstein bulls m. Blaschek ,* a. Kaya , † n. Zwald , † e. memili , ‡ and B. W. Kirkpatrick * 1 Advantage) progeny-testing program, consisting of 180 dairy herds with an average of 850 milking cows per herd. Reproductive performance was regularly recorded from each herd involved in the program. As a part of this program, periodic calf parentage verification was undertaken to ensure the veracity of the data. With regard to the fertility data (i.e., conception rate), cows were routinely monitored for pregnancy based on diagnosis by veterinary palpation or ultrasonic evaluation.
Fertility was defined as the outcome of each breeding event adjusted for environmental effects (i.e., herd, year and month, parity, cow, days in milk, sire proven status) as described by Peddinti et al. (2008) . Fertility was then calculated for each bull by taking the percentage deviation of its conception from the average conception of all bulls, using only those bulls with at least 100 breedings (Figure 1 ). The number of breedings per bull ranged from 100 to 12,306, with a median of 711. The BLUP of bull evaluation from the model was then back-transformed to the probability scale. Fertility predictions and parameter estimates were derived using Probit.F90 software (Chang et al., 2004) . Semen used by Alta Genetics as part of this study passed the minimum company threshold for viability, motility, and percentage normal sperm, and the number of sperm cells per unit of semen used for breeding was adequate to overcome compensatory defects.
Genotypes were obtained for 797 bulls and 94 paternal grandsires, using the Illumina 50K Bovine SNP microarray (Illumina, San Diego, CA). Two bulls were eliminated because of potential errors in genotyping (different animal identification numbers assigned to essentially identical genotypes). Markers were reduced in number from 54,001 by eliminating SNP with a minor allele frequency of <0.05 (VanRaden et al., 2009) or complete linkage disequilibrium with other SNP, leaving 38,416 available markers. Total Alta Advantage breeding records available from 1,884 sires was 1,309,934 (Alta Advantage database). The 797 bulls used had 726,041 insemination records with an average of 913 breedings, ranging from 102 to 12,306. RandomForest, a package available within the statistical program R, was used to predict missing genotypes (R 2.7.2, The R Development Core Team, Auckland, New Zealand). Missing values were replaced by the most common genotype at that particular SNP. In this data set, however, missing values accounted for only 0.33% of all genotypes.
The SNP associations with noncompensatory fertility were estimated with a weighted Bayes B analysis (Meuwissen et al., 2001 ) that used a value of 0.5 for p, where 1 − p is the proportion of loci in the genome assumed to contribute to genetic variation for the trait. The value of p was estimated in a preliminary Bayes Cp analysis of the data (D. Habier, Department of Animal Science and Center for Integrated Animal Genomics, Iowa State University, Ames, personal communication). In the Bayes Cp analysis, a common variance is assumed for all SNP loci, but p is treated as an unknown to be estimated from the data. Weights were calculated as described in Garrick et al. (2009) based on the formula for deregressed information and assuming values of 0.03 for heritability and 0.2 for the proportion of genetic variance not accounted for by markers. All analyses were conducted using version 0.9.1101 of the Gensel program (http://bigs.ansci.iastate.edu). The chain length was 41,000 cycles with 1,000 cycles as burn-in. Every hundredth replicate was used in the computation of posterior estimates. For purposes of QTL mapping (i.e., identification of genomic regions associated with noncompensatory fertility), genetic variance in a moving 5-marker window was assessed by summing the genetic variances estimated for consecutive SNP.
Prediction equations for noncompensatory fertility were developed using the SNP effect estimates from the Bayes B analysis. To assess effectiveness of the prediction equations developed by the Bayesian analysis, cross-validation was conducted by subdividing the data set into 5 different groups of training and testing data comprising approximately 80 and 20% of the data, respectively. Each animal was allocated once to a testing data set. Models were fit to the individual training data sets using a Bayes B analysis, and the resulting models 
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were used to predict noncompensatory fertility genomic breeding values for animals in the corresponding testing data sets. Correspondence between predicted and actual noncompensatory fertility values was examined by calculation of correlation.
reSuLtS
Examination of the phenotypic data indicated that the data followed a normal distribution, but one bull had an extreme phenotypic value that might be considered an outlier (Figure 1 ). The bull in question had an extremely low fertility value that was approximately 2 standard deviations below that of the next lowest bull in the data set. Consequently, in subsequent SNP analyses, data were analyzed both with and without this individual included. The individual in question was included in analyses of parameter estimation, and heritability of fertility was estimated at 0.03 ± 0.001 on the liability scale for service sire. The estimate of p from the Bayes Cp analysis was 0.50 and 0.32 for the data, including or excluding the potential outlier. Given the relatively flat and overlapping posterior distributions of p from the 2 analyses, a value of 0.5 was used in all subsequent analyses.
Examination of genetic variance associated with 5-marker windows across the genome suggested relatively large contributions of regions on BTA3, 4, 5, 6, 8, 10, 12, 13, 14, 15, 17, 19, 22 , and X (Figure 2) . The relative contribution of these regions was not greatly affected by the inclusion or exclusion of the potential outlier bull so only results of analysis of the full data set are presented; the largest differences were an increase in genetic variance associated with the 109-Mb region of BTA4 and the 59-Mb region of BTA22. Twenty 5-marker windows accounting for the greatest genetic variance are listed in Table 1 Five-fold cross validation suggested that a prediction equation based on a Bayes B analysis of the full data set could be expected to have relatively low accuracy. Average Pearson product-moment correlation between predicted genomic breeding values and observed fertility values was approximately 0.145, either with the potential outlier included or excluded (Table 2) .
DISCuSSIOn
Several chromosomal regions potentially contributing to genetic variation in noncompensatory fertility were identified in this study. Chromosomal regions explaining the most variation in this study did not match any regions reported in a previous study using a subset of the data examined here (Feugang et al., 2009 ). The study conducted by Feugang et al. (2009) was broken into 2 phases: phase I searched for significant SNP in 10 high-fertility and 10 low-fertility bulls, whereas phase II tested markers found to be significant in phase I in 100 high-fertility and 101 low-fertility bulls. The small number of animals used in the Feugang et al. (2009) study, and lesser statistical power along with a liberal statistical threshold, likely accounts for the differing results between studies.
The current data were analyzed both including and excluding a potential outlier. Results of the 2 analyses were similar with regard to the SNP most commonly included in the models and regions accounting for the most genetic variance. The best SNP within the regions accounting for greatest genetic variance were the same between the 2 analyses. Predicted values based on the models derived from data with or without the potential outlier were very similar (r >0.96). The bull in question had a phenotype based on 855 inseminations, only slightly above the median; consequently, his record did not have an exceptional effect on results of the analyses.
Studies by Khatib et al. (2008 Khatib et al. ( , 2009 ) have implicated the genes signal transducer and activator of transcription 5A (STAT5A), growth hormone receptor (GHR), uterine milk protein (UTMP), secreted phosphoprotein 1 (SPP1), and fibroblast growth factor 2 (FGF2) in contributing to variation in fertilization or early embryonic survival. Either of these functions could serve as a mechanism underlying noncompensatory fertility, so correspondence between genomic locations identified in the current study and the genomic location of these genes might be anticipated. Of these genes, only SPP1 showed some similarity in genomic location, although its proximity to the most significant SNP on BTA6 was approximately 3 Mb (SPP1 located at 37.51 Mb and SNP rs43463315 located at 40.72 Mb in bovine genome assembly Bta4.0). Dai et al. (2009) reported associations between a polymorphism in the follicle stimulating hormone β-subunit gene (FSHB) and sperm deformity, acrosome integrity, and nonreturn rate in beef breed bulls. The genomic location of FSHB on BTA15 (60.85 Mb) showed no correspondence with the most significant SNP on BTA15 in the current study.
The accuracy of predicted noncompensatory fertility, based on cross-validation analyses, was disappointingly low. Luan et al. (2009) , using data from the Norwegian Red cattle breed, reported a mean correlation in cross-validation analyses of 0.45 between predicted and actual breeding value for calving ease, a trait with estimated heritability similar to that reported here for noncompensatory fertility (0.03). A correlation (0.11) more comparable to that observed here was reported for a measure of clinical mastitis, which had a heritability of <1%. The number of observations was similar between the 2 studies, raising the question of whether the heritability estimate reported here for noncompensatory fertility overstates the true value.
Fertility traits are generally considered lowly heritable, and noncompensatory fertility of bulls is no exception. The use of semen produced by one AI organization and veterinary diagnosis of pregnancy for determination of conception rate serves to reduce 2 sources of nongenetic Cumulative genetic variance as a percentage of total genetic variance for 5 consecutive SNP using data from all bulls. variation. Nonetheless, heritability of noncompensatory fertility in the current data set was still low, making the identification of genomic regions associated with the trait difficult.
COnCLuSIOnS
Identifying SNP that influence fertility can lead to more productive herds and economic benefits within the dairy cattle industry (Veerkamp and Beerda, 2007) . A Bayesian analysis of 795 dairy bulls genotyped with 38,416 SNP was performed, leading to the development of prediction equations that may be useful in genomic selection. Given the low heritability of noncompensatory fertility, it is not surprising that the correlation between predicted and true breeding value for this trait is expected to be low (~0.15). Regions on several chromosomes that accounted for disproportionately large amounts of genetic variance were identified. 
